Introduction
Geophysicists and geologists now widely accept the idea that the geomagnetic field has reversed itself in the geological past. This hypothesis has become more and more convincing as additional paleomagnetic and rock magnetic data have accumulated. However, there still remains the possibility of naturally occurring self-reversal of the magnetic polarity in some rocks. Very few cases have been reported in which the self-reversing properties of rock-forming ferrimagnetic minerals could be demonstrated in the laboratory (Uyeda, 1958; Carmichael, 1959; Havard and Lewis, 1965) , but some of the self-reversal mechanisms may not be reproducible on a laboratory time scale (Neel, 1951; Verhoogen, 1956 ).
Ade-Hall (1964) reported a fairly strong correlation between the polarity of natural remanent magnetization (NRM) and the stage of alteration or oxidation of minerals in basalt lavas of Mull, Scotland. Although paleomagnetic studies did not reveal systematic differences between normal and reversed lava flows (Wilson, 1964) , Ade-Hall claimed on the basis of his petrological observations that a self-reversal mechanism might be responsible for the NRM of the reversed flows. Wilson and Watkins (1967) claim a correlation between petrography and polarity but agree that field reversals have occurred. Larson and Strangway (1966) , alternatively, concluded that in the extrusive rocks studied by them there is no correlation between petrography and polarity.
It seems, therefore, important to further test the hypothesis of field reversal. Presently, the results which favor field reversals are: (1) Occurrence of the same magnetic polarity (normal or reversed) of NRM in different parts of the world for a certain time interval.
(2) Similarity of petrographic properties between normal and reversed rocks. in Japan (Nagata et al., 1957 (Nagata et al., , 1963 Kono et al., 1964) . Moreover, by means of radiometric ages magnetic polarities can be correlated with those observed in other parts of the world McDougall et all., 1966 . Fourteen oriented hand samples were taken from four baked sedimentary layers in these sampling areas. The approximate direction of NRM was measured at the sampling site with a portable fluxgate magnetometer. It was possible in this way to determine the directions of NRM with an error of less than fifteen degrees. Hence, the polarity of rocks was easily distinguished and samples which had been affected by lightning strikes were avoided. Core samples were drilled with a horizontal interval of two to five meters, and if the flow was sufficiently thick, two or three vertical levels were sampled. Specimens, 2.4cm in diameter and 2.3cm long, were cut from these core samples and used in the paleomagnetic and radiometric dating experiments.
NRM of these specimens was measured by spinner magnetometers in U. S. Geological Survey, Menlo Park, and in Department of Geophysics, Stanford University within two weeks after sampling. At least two of the following stability tests were applied to each specimen : ac demagnetization, storage test, low-temperature demagnetization (Ozima et al., 1964) , and thermal demagnetization by Thelliers' method (Thellier and Thellier, 1959) . Most of these experiments were carried out in Kakioka Geophysical Laboratory, University of Tokyo, where the natural and artificial remanent magnetization was measured by an astatic magnetometer.
Potassium-Argon ages were determined at the Geophysical Institute, University of Tokyo, from specimens which were not heated in the paleomagnetic experiments. At least one polished and one thin section were made from each lava flow and petrographic observa-tions were carried out on these sections. Thermomagnetic and X-ray analyses were also performed on magnetic minerals separated from each lava flow. All the lavas are olivine-rich basalts. Those from the Bridge Site are unweathered; they are generally composed of olivine (about 12-20 volume percent) sometimes with iddingsite rims, pyroxene (0-20%), opaques (1.5-5%), plagioclase (about 50%), and late crystallizing fractions, including small crystals of pyroxene, opaques and volcanic glass (5-22%). In spite of large amount of iron contained in these rocks, little is present in opaques. Table 1 lists the results of chemical analyses of these rocks by Dr. Aoki (personal communication, 1965) . For a more complete discussion of the petrology of these rocks the reader is referred to Aoki (1967) .
Samples from Rio Taos Site are generally very similar petrographically to those at the Bridge Site, except that most were weathered to some degree. In most cases, the olivine and volcanic glass were weathered to yellowish-green clay (montmorillonite).
In Figure 2 , the ages of the lava flows are also given. Details of the chronological work has been reported in a separate paper . The internal consistency between the ages and the stratigrophic order is very great. These flows represent a time interval of about one million years of the late Pliocene; yet no indication of weathered or eroded flow tops was observed in the field. Apparently the area was one of aggradation and streams flowing into the area were quickly covering the flow with sands and gravels.
3-2 Basalts near Flagsta ff, Arizona A total of seven basalt lavas and two baked sediment layers were sampled at three sites near Flagstaff, Arizona (Figure 3 ). These flows were classified as "older basalts" by Cooley (1962) ; They preceded the volcanic activities in the San Francisco mountains, north of Flagstaff, and are geologically dated as middle Pliocene. In Oak Creek Canyon, lava flows of 5-20 meters in thickness unconformably overlie Permian Coconino sandstone.
Eroded or weathered interfaces were not found at our sampling sites, but Cooley (1962) reported the occurrence of such interfaces in other areas. Samples were also collected from Figure 4 .
These lavas are olivine (high alumina) Basalts. The rocks are composed of olivine, plagioclase, Ca-pyroxene, opaques and fine-grained, late-crystallizing materials such as tiny opaque crystals and pyroxene. Although K-Ar dating was attempted, the presence of varying amounts of clay in these rocks made it impracticable. On the cooling process, the Curie temperature (Tc) of some samples drops down by about fifty degrees and the Js decreases by 5 to 10%. According to , these features can be explained by the reduction of titanomaghemite phases to titanomagnetite in the heating process. On the other hand, the thermomagnetic curves on baked sediments show a wide variety (Figure 6 ). The Js-T curve for sediment layer 837 (Figure 6c ) is similar to that for many basalts. However, in layer 817 (Figure 6a ), there is a range of Curie Temperature, the highest of which (670C) may correspond to that of hematite. In layers 828 and 838 (Figure 6b, d) the Tc is about 550C, but the mode of X-ray diffraction analyses were done by means of NORELCO on these separated minerals. The diffraction curves of some samples show a definite split of the main peaks indicating the co-existence of at least two cubic phases with slightly different lattice constants. The one having the larger 20 angle is probably oxidation product (titanomaghemite) of the other. Results of the thermomagnetic and X-ray analyses are listed in Tables 2 and   3 . X-ray analyses of baked sediments, which contain little f errimagnetic material, have been unsuccessful except for the layer 837. All the ferrimagnetic minerals of the basalts were further examined in detail by observations of polished sections at magnification up to 2400X. Although the general petrography is very similar in all samples (section 3), the ferrimagnetic minerals (mostly titanium iron oxides) show various stages of oxidation. The results of these observations are also summarized in Tables 2 and 3 . Figure 7 gives typical examples of these oxidation stages observed by reflected light under oil immersion. Wilson and Haggarty (1966) provide an excellent series of photos depicting this progressive oxidation. The occurrence of titanomaghemite (a low temperature oxidation of titanomagnetite) was ignored in this classification. As far as the present data are concerned, there is little correlation between the magnetic polatiry of NRM and the degree of the high-temperature oxidation of fernmagnetic minerals. Neither self-reversal by petrological control (Ade-Hall, 1964) nor the correspondence of oxidation and polarity epochs (Wilson and Watkins, 1967) seems likely in the present specimens. Table  2 Fig However, within a few tens of centimeters below the four lava flows, the magnetization is almost as strong as that of basalts (10x4-10-3emu/g) and has directions that are consistent with the overlying flows (Figure 8 ). It is probable that these zones acquired thermo-remanent magnetization (TRM) when the lavas flowed over the sediments and heated the surface layers. Commonly, the heated surfacial zone is reddened but in places no such reddening occurs. At the Bridge Site, not only the specimens from the reddish part but also specimens collected from white parts of the contact sediment show directions of NRM concordant with those in the lavas. The consistency of NRM directions of the various sediments with those of the overlying basalt, despite wide variation in Tc and slopes of the Js-T curves, is a strong support for field reversals, and it also shows that NRM is stable in these rocks.
5-2 Storage tests and low-temperature demagnetization
After the measurements of NRM, the core specimens were stored with random orientations in the geomagnetic field. After 90 to 200 days, the magnetization of each specimen was again measured. Although the intensity remained almost unchanged (Table 4) , some specimens showed considerable changes in direction of NRM (Figure 9 ). The specimens were cooled to liquid nitrogen temperature, -196C, and heated to room temperature in zero magnetic field. Changes in intensity and direction of magnetization are summarized in Table 5 and Figure 10 , respectively. The principle of this method (Ozima et al., 1964) is that the soft part of remanent magnetization can be demagnetized at the temperature where the crystalline anisotropy energy becomes zero (-143C for magnetite). With increase of Ti content in the titanomagnetite, the zero crystalline-energy temperature depresses. In basic rocks the amount of Ti is commonly great enough to shift the temperature below that of liquid nitrogen (Syono and Ishikawa, 1963) . As many of our samples contain rather large amounts of Ti, the change by this treatment is not very significant.
The resemblance of Figures 9 and 10 is only accidental, as the direction changes in the two treatments (storage and low-temperature) for the same specimen seem to be independent to each other ( Figure 11 ). The responses of the normal and reversed samples from the Rio
Grande to either test are grossly similar and this is also consistent with the view that there is no difference in magnetic properties between these two groups. oersteds.
In some of these specimens the direction of magnetization also greatly changes.
Such magnetically soft behaviors have been observed in about thirty per cent of the ac demagnetized specimens, both for normal and reversed. But in all cases, the k values of Fisher's (1953) statistics increased after the ac demagnetization. Thus the difference between "soft" and "hard" samples is mainly in the amount of the soft component. The soft component can be effectively removed by ac demagnetization. As shown in Figure 12 , there is no significant difference in stability between the normal and reversed groups.
5-4 Thermal demagnetization
Stepwise demagnetization (Thellier and Thellier, 1959) was applied to at least one sample from each lava flow (Kono and Nagata 1966) . The detailed report of this experiment will be published elsewhere (Kono and Nagata, 1968 Tables 6 and 7 summarize the results of the paleomagnetic experiments. Stable directions were determined after the application of the stability tests. Samples which showed angular changes of more than ten degrees in the storage test were discarded. These tables also list the dispersion factors defined by Fisher (1953) for the directions of the original (Figure 13 ).
Conclusions
The results of the present investigation are clearly in favor of the hypothesis of field reversal.
(1) Samples from the contact sedimentary zones have the same directions of NRM as those of the overlying lavas.
(2) Stability of NRM of both normal and reversed samples is relatively high and shows similar scatter.
(3) No correlation is found between the polarity of NRM and the magnetic and petrographic properties of the ferrimagnetic minerals contained in the rocks.
(4) The ages of the reversals found in the present study seems to be consistent with the data from other parts of the world (Cox, Doell and Dalrymple, 1965; McDougall et al., 1966) .
It may thus be concluded that the directions of the NRM of rocks obtained in the present investigation represent those of the geomagnetic field in the Southwestern U. S. A. when the lavas were erupted. The virtual geomagnetic poles from Rio Grande and Arizona Fisher's precision parameter. a95. semiangle of cone of 95 o confidence for mean direction, in degrees.
J:
average intensity of original NRM in 10-5emu/g. lat.: latitude of virtual geomagnetic pole, positive for northern latitude. long.: eastward longitude of virtual geomagnetic pole, in degree. dp, dm: semiaxis of oval of 95% confidence for virtual geomagnetic pole. 
